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DNA electronics

DNA and electronics seem to be two different things, but a series of events has highlighted the unusual ability
of DNA to form electronic components

Vijayender Bhalla, Ram P. Bajpai & Lalit M. Bharadwaj

NA, the blueprint of life, has taken
Dcentre stage in biological research

during the past few decades. The elu-
cidation of the molecule’s structure 50 years
ago and the unravelling of the genetic code
revolutionized the field of biotechnology.
They sparked the creation of whole new
industries based on this knowledge and on
the various tools and technologies that have
subsequently developed. Biologically, the
well-known function of DNA is to code for
functional proteins that are the expressed
form of hereditary, genetic information. But
in the past few years, the discovery that DNA
can conduct an electrical current has made it
an interesting candidate for other roles that
nature did not intend for this molecule. In
particular, DNA could be useful in nanotech-
nology for the design of electric circuits,
which could help to overcome the limitations
that classical silicon-based electronics is
facing in the coming years.

In general, DNA electronics does not aim
to make something new. Its immediate goal is
to improve old concepts in a new manner,
although in the process it may create entirely
new ideas in nanoelectronics. This field is
highly interdisciplinary, merging physics,
biology, chemistry, computer science, engi-
neering and so on, to use individual DNA
molecules for producing a new range of elec-
tronic devices that are much smaller, faster
and more energy efficient than the present
semiconductor-based electronic devices.

he basic unit of an integrated cir-
Tcuit, such as a computer processor
or a memory chip, is the transistor, a
simple electronic switch that is etched
into various layers of silicon. Alien atoms,

added during the production process,
allow a transistor to switch between a
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...further miniaturization of
transistors is heading towards
physical, technical and economic
limits, and these limits will be
reached within a few years

conducting and a non-conducting state,
hence the name ‘semiconductor’. A mod-
ern microprocessor, such as the Pentium
IV® chip, has more than 40 million tran-
sistors on a silicon chip that is only slight-
ly larger than a thumbnail. The smaller
these transistors are, the more can be
squeezed onto a chip, thus increasing
speed and efficiency. But further miniatur-
ization of transistors is heading towards
physical, technical and economic limits,
and these limits will be reached within a
few years (Peercy, 2000). Beyond a certain
limit, the number of silicon atoms in the
insulating layers of a transistor is no
longer sufficient to prevent the leakage of
electrons that causes the circuit to shorten
(Kingon et al., 2000). In addition, the cost
of production increases drastically with
any reduction in size. To overcome these
limitations, researchers in the computer
industry have been looking into materials
other than silicon that would allow them
to pack even more transistors into a given
space. Rapid advances that explore such
alternative technologies have taken place
during the past years, including
polyphenylene-based diode switches and
carbon nanotube field-effect transistors
(Bachtold et al., 2001). But these
approaches still face many technical chal-
lenges. Nanotubes, for instance, have to
be grown to a high specification as each
tube has different electrical properties
depending on its diameter and helicity.

The techniques available yield only tubes
of variable proportions. So the need to
develop even smaller electronic devices
may eventually lead us into the domain of
DNA electronics. In fact, DNA offers a
solution to many of the hurdles that need
to be overcome. It is the best nanowire
in existence, and it self-assembles, self-
replicates and can adopt various states
and conformations. Of these, the most
important property of DNA for a bio-
molecular engineer is its ability to self-
assemble, which makes it possible to
produce nanostructures with a precision
that is not achievable with classical sili-
con-based technologies (Winfree et al.,
1998). And it is cheap, as the cost of
individual bases is just a few US cents.

he beauty of DNA electronics lies in
Tthe fact that it uses the techniques of

genetic engineering that nature has
perfected under harsh conditions over bil-
lions of years. The idea of using organic
molecules for building electronic compo-
nents dates back to 1974 (Aviram &
Ratner, 1974), but the study of the electri-
cal properties of DNA goes back even fur-
ther. The structure of DNA was discovered
by Watson and Crick, who received a
Nobel Prize for their work in 1962. The
question of whether the molecule could
be used as an electrical conductor or insu-
lator was ripe even at that time, but the
technology was not. Measuring the electri-
cal current through DNA is not as easy as
connecting two wires to make a light bulb
glow, and it requires sophisticated instru-
mentation, such as atomic force
microscopy and optical tweezers to align
a single DNA molecule on a micro-
or nanoelectrode. Above all, these
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experiments need a highly sensitive sys-
tem for measuring current voltage and
capacitance voltage, which are important
parameters that describe the performance
of an electronic device, to measure
current in the femto (10-1%) ampere range.

To bind a single DNA molecule to an
electrode is a tough job, and difficulties
also arise in validating whether the two
are actually connected (Fig. 1). But the
effort pays off, because DNA has been
shown to act as an insulator, a semi-
conductor, a conductor or a proximity-
induced superconductor depending on
its sequence, length and orientation.
However, these experiments were carried
out by different research groups, and it is
difficult to draw firm conclusions about
the transport of electrical charge through
DNA due to the variety of surrounding
conditions used (Hipps, 2001).

The beauty of DNA electronics
lies in the fact that it uses the
techniques of genetic
engineering that nature has
perfected under harsh
conditions over billions of years

Fink & Schonenberger (1999) were the
first to measure current flow through DNA
using a modified low-energy electron
point-source microscope. Their technique
used a gold-coated carbon grid as the
sample holder, consisting of an array of
2-pm holes and 600-nm-long A-DNA to
span these holes. A tungsten manipulation
tip was used to contact the sample and to
allow electric current to flow. The authors
measured linear current voltage (I/V)
curves in the range of =20 to +20 mV, and
a resistance of 2.5 MQ per DNA molecule
at room temperature. Various other studies
have confirmed that DNA can act as a
molecular wire, with the phosphate bonds
in the DNA backbone acting as tunnel
junctions for electrons to move along.

More recently, a Dutch team has
shown that a 10.4-nm-long (30-base-pair)
poly(G)-poly(C) sequence has electrical
characteristics similar to that of a semi-
conducting diode that allows current to
flow in one direction only (Porath et al.,
2000). The authors measured I/V curves in
the range of -4 to +4 V and found that the
measured current flow did not fall more
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Fig. 1| Experimental design for making electrical
measurements with DNA. A DNA strand spans
two metallic electrodes on a non-conducting
surface. By using manipulation tips on those
electrodes, investigators can measure current flow
through the DNA molecule.

than 1 pA below a certain threshold
value. In this voltage range, DNA behaved
as an insulator. Beyond the threshold volt-
age, the current increased sharply, indi-
cating that DNA conducts charge and
thus behaves in the same way as the sili-
con-based semiconductors used in the
electronics industry. However, the experi-
ment is prone to criticism as the
researchers used electrostatic trapping
techniques (Bezryadin et al., 1997) and
did not create chemical bonds between
the DNA and the electrodes. Other
researchers reported that DNA also
behaves like a proximity-induced super-
conductor (Kasumov et al., 2001), using
16 pum of A-DNA to connect two rhenium
carbon electrodes on a mica substrate.
The conductivity of DNA can be
increased by coating it with metals in vari-
ous ways. Braun and colleagues (1998)
used the self-assembly property of DNA to
synthesize a molecule between two elec-
trodes that were 12 um apart; the DNA
molecule was then used as a template for
the deposition of silver to create a 100-nm-
wide conductive wire. The contact
between the DNA and the gold electrodes
was thiol-mediated, as gold has a natural
affinity for sulphur and 3’-thiolated DNA
primers can be routinely created.
Nowadays, the preferred technique for
such an approach is to, first, bind short
primer sequences to gold electrodes, and
then to use restriction sites in the primers to
complete the circuit with an interspersing
DNA molecule. Aich and co-workers
(1999) went one step further and showed
that DNA with zinc atoms incorporated
between its bases also acts as a conductor.
Other metals, such as nickel and cobalt,
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can similarly be used. On the basis of these
results, DNA has the potential to self-
assemble to form any circuit and to func-
tion as a template for the deposition of
metal atoms. It also allows certain sites to
be protected from metal deposition by
masking them with sequence-specific
DNA-binding proteins. Such molecular
lithography has already been carried out
using the RecA protein, which further
increases the potential of using DNA for
the chemical ‘growth’ of electronic parts
(Keren et al., 2002).

he unique structure of DNA also
Tallows various alterations to its materi-

al properties, such as its sequence,
diameter and stiffness, which could all mod-
ify its electrical properties. While exploring
the potential of DNA as an electric wire, we
found that guanine is the base with the low-
est oxidation potential (Bharadwaj et al.,
2002a). It loses an electron during oxidative
stress and becomes positively charged. This
positive charge does not stay at the base
where it was formed, but keeps moving
along G-rich sequences. Indeed, G-rich
sequences lower the molecule’s oxidative
potential, so a positive charge can move
from a single guanine towards a multiple
guanine sequence that attracts such electron
holes (Saito et al., 1998).
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Fig.2 | A hypothetical resonant tunneling diode
based on DNA. It consists of guanine/cytosine-rich
donor and acceptor sequences at the poles, which
are interrupted by two adenine/thymine-rich
sequences and a short island of guanine and
cytosine. In asilicon-based resonant tunneling
diode the barriers between the conducting parts
stop current from flowing. Above a certain voltage,
electrons can jump over the barriers through the
small island and current begins to flow. In a DNA-
based resonant tunneling diode, the
guanine/cytosine sequences would accept
electrons from the negative pole that could,
beyond a certain breakthrough voltage, jump
through the island over the adenine/thymine
barriers to allow electrons flow to the positive pole.
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PRINCIPLES OF ELECTRONIC DEVICES

An electrical conductor, such as a metal or a
carbon wire, has the ability to transfer
electrons from a source with a high abundance
of free electrons to an electron ‘hole’, which
accepts free electrons, such as happens at the
negative and the positive poles of a car battery.

Conductor
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The ability to transfer free electrons is due to the fact that the

outer electrons of atoms in a metal can be easily stripped from,
and wander between, neighbouring atoms, thus allowing a flow
of electrons along the wire. The higher the voltage applied to a
wire—that is, the greater the potential between the abundance
of electrons on the negative pole and the lack of electrons on
the positive pole—the more electrons, and therefore electric

Current flow [I]

Voltage applied [V]

current, flow through the wire, thus creating the characteristic

linear I/V curves.

In a semiconducting material, such as silicon, the
outer electrons of the atoms can be replaced,
albeit not as easily as in a metal. But doping
silicon—carefully impurifying it with alien atoms
during the production process—creates
additional free electrons that can be displaced to
neighbouring atoms and thus transfer charge.

A semiconducting material with excess electrons
is named an n-type semiconductor. Similarly, a
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p-type semiconductor is doped with atoms that lack electrons, and which therefore create electron
holes in the material. On applying voltage to a p-type semiconductor, these electron holes move
from the positive pole to the negative, and a net current flows in the opposite direction.

The combination of n- and p-type material is
the basis for creating the diodes and transistors
that are the elements of an electronic circuit. For
instance, a diode consists of a combination of n-
type and p-type materials that touch at some
point. By applying voltage in the right direction,
electrons move from the negative pole to the
contact site, where they merge with electron
holes coming from the positive pole and allow
current to flow. By reversing the applied voltage,
the electrons in the n-type material and the

Diode
p-type n-type
@ S O0>0>00««Q«—0«Q @
“Current fiow
p-type n-type
@ = > Q> = @

No current flow

electron holes in the p-type material move away from the merging point towards their respective
poles and no net current flows. Diodes thus act as electronic valves that allow current to flow in one

direction only.

A transistor is a more complex version of a diode that allows current to flow in a defined direction
but that also acts as an electronic on—off switch. It is switched on by current flow from a third pole,
which switches it off again if the current flow from this pole ceases.

In general, n-type material uses negatively
charged electrons to carry current, whereas
positive p-type material uses electron holes to
do so. Joining the two types allows the cur-
rent to flow in a specified direction, which is
the basis for all semiconductors, such as
diodes, triodes and transistors (Fig. 2). (G+C)-
rich DNA shows p-type properties and (A+T)
sequences show n-type ones (Lee et al,
2002). Combining such DNA molecules
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could create logic elements that would
be more powerful than any silicon-based
device because, in theory, just a short
sequence of DNA base pairs may be enough
to create all the combined n- and p-type
properties. Indeed, DNA-based single-
electron transistors and quantum-bit ele-
ments have already been proposed
(Ben-Jacob et al., 1999). For more informa-
tion, see the sidebar.

ordon Moore, from the Intel

Corporation, formulated a law in

1965, now known as Moore’s Law,
stating that the number of transistors on a
chip would double every 18 months, but
that this trend would drastically change
between 2010 and 2020 when the dou-
bling rate would drop to every 4-5 years.
DNA-based electronics has the potential
to extend beyond Moore’s Law, proclaim-
ing the end of conventional microelec-
tronics. But a computer that is based on
DNA molecules—it could be labelled
‘Genes Inside’—is still a long way off. To
design electronic components that consist
of DNA molecules, we first need more
detailed knowledge of the mechanism of
charge transfer through DNA and its
exact electrical characteristics. Indeed,
the mechanism by which DNA transports
a current is still unknown, although
we already know that pi electrons in
the chemical bonds are important.
Furthermore, a DNA-based computer
chip, even if it becomes reality, may not be
totally based on DNA. We are actually
heading towards a hybrid technology, in
which the transistor could be made out of
DNA molecules that are connected by car-
bon nanotubes, and other parts would be
made out of silicon.

Even though the use of DNA for elec-
tronics seems to be a distant goal, the first
biological research applications using the
electrical properties of DNA could appear
in the next few years. For instance, we
could detect mismatches in double-
stranded DNA because such a mismatch
would hamper conductivity, which is sen-
sitive at the level of single bases.
Similarly, it could be used for routine sin-
gle-nucleotide polymorphism detection
and mutation analysis (Park et al., 2002)
and, with further advances in this field, it
could allow the use of DNA-based elec-
tronic sensors and, thus, DNA-based
diagnostics. The study of the electrical
properties of DNA also promises further
advances in understanding DNA-repair
processes and DNA-damage chemistry,
and their correlation with disease and the
process of ageing. DNA damage is
induced by ultraviolet radiation or oxida-
tive stress, causing oxidation of guanine,
and electron holes then migrate along the
DNA molecule. Similarly, DNA repair
takes place by electron transfer from the
enzyme photolyase to thymine dimers to
initiate the photorepair process.
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We are actually heading towards
a hybrid technology, in which
the transistor could be made out
of DNA molecules that are
connected by carbon nanotubes,
and other parts would be made
fromssilicon

ut, first, we have to overcome the cur-

rent limitations. Much of the work on

charge transfer in DNA and the study
of its electrical characteristics has been
inconclusive because we lack suitable tech-
niques and instrumentation. To make
authentic electrical measurements on DNA,
it is imperative that we have control over its
orientation, bending, length and sequence,
and over the contamination between elec-
trodes. The sequence and length of DNA
can be accurately controlled during its syn-
thesis. The challenge now is to control bend-
ing, orientation and contamination at the
molecular level, and that is where we face
limitations of technology and knowledge.
These are important factors as the flow of
current through DNA can change consider-
ably due to slight changes in the relative
positions of pi orbitals by bending, orienta-
tion and overlapping. Control over all these
parameters using a single technique is not
feasible during electrical measurements;
instead, a multi-technique approach is
required to achieve reasonable repro-
ducibility. For instance, our group is devel-
oping an integrated approach based on
scanning probe microscopy, scanning elec-
tron microscopy, optical tweezers, cur-
rent-voltage and capacitance-voltage
measurement in the femto range, and fluo-
rescence microscopy. The biggest challenge
will be to control contamination at the
molecular level while integrating DNA
fragments into electronic devices.

If we compare the exponential growth
in computing power to the development of
the human brain during evolution, today’s
computers have a similar complexity to
that of a tiny insect. So, will it really be
possible to match the computing power of
the human brain one day? If that is to hap-
pen, it could only be by means of adopting
the structures developed in nature. DNA
electronics, which takes inspiration from

nature and genetic engineering, will prob-
ably enable more powerful and environ-
mentally friendly technologies. DNA
could be used to replace not only conven-
tional transistors, but also memory devices
(Bharadwaj et al., 2002b), as one cubic
centimetre of DNA can store more infor-
mation than trillions of compact discs.
Clearly, the days when DNA was the
domain of the biologist are over.

ACKNOWLEDGEMENTS

We greatly acknowledge the financial support
provided by the government of India
Department of Biotechnology and Department
of Science and Technology for the continuing
Biomolecular Electronics activities at Central
Scientific Instruments Organisation. V.B. thanks
the Council of Scientific and Industrial Research
for a research fellowship.

REFERENCES

Aich, P, Labiuk, S.L., Tari, L.W., Delbaere., L.J.T.,
Roesler, W.J., Falk, K.J., Steer, R.P. & Lee, J.S.
(1999) M-DNA: a complex between divalent
metal ions and DNA which behaves as a
molecular wire. J. Mol. Biol., 294, 477-485.

Aviram, A. & Ratner, M.A. (1974) Molecular
rectifiers. Chem. Phys. Lett., 29, 277-283.

Bachtold, A., Hadley, P., Nakanishi, T. & Dekker,
C. (2001) Logic circuits with carbon nanotube
transistors. Science, 294, 1317-1320.

Ben-Jacob, E., Hermon, Z. & Caspi, S. (1999) DNA
transistor and quantum bit element: realization
of nano-biomolecular logical devices. Phys.
Lett. A, 263, 199-202.

Bezryadin, A., Dekker, C. & Schmid, G. (1997)
Electrostatic trapping of single conducting
nanoparticles between nanoelectrodes. Appl.
Phys. Lett., 71, 1273-1275.

Bharadwaj, L.M., Kaur, I., Kumar, R. & Bajpai, R.P.
(2002a) Design simulation of DNA based
electronic components. Proc. SPIE, 4937,
226-230.

Bharadwaj, L.M., Bhondekar, A.P., Shukla, A.K.,
Bhalla, V. & Bajpai, R.P. (2002b) DNA based
high-density memory devices and biomolecular
electronics at CSIO. Proc. SPIE, 4937, 319-325.

Braun, E., Eichen, Y., Sivan, U. & Ben-Yoseph, G.
(1998) DNA-templated assembly and electrode
attachment of a conducting silver wire. Nature,
391, 775-778.

Fink, H.W. & Schonenberger, C. (1999) Electrical
conduction through DNA molecules. Nature,
398, 407-410.

Hipps, K.W. (2001) It’s all about contacts. Science,
294,536-537.

Kasumov, A.Y., Kociak, M., Gueron, B., Reulet, B.,
Volkov, V.T., Klinov, D.V. & Bouchiat., H. (2001)
Proximity-induced superconductivity in DNA.
Science, 291, 280-282.

Keren, K., Krueger, M., Gilad, R., Yoseph, G.B.,
Sivan, U. & Braun, E. (2002) Sequence-specific
molecular lithography on single DNA
molecules. Science, 297, 72-75.

©2003 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

science & soclety

Kingon, A.l., Maria, J.P. & Streiffer, S.K. (2000)
Alternative dielectrics to silicon dioxide for
memory and logic devices. Nature, 406,
1032-1038.

Lee, H.Y., Tanaka, H., Otsuka, Y., Yoo, K.H., Lee,
J.0. & Kawai, T. (2002) Control of electrical
conduction in DNA using oxygen hole doping.
Appl. Phys. Lett., 80, 1670-1672.

Park, S.J, Taton, T.A. & Mirkin, C.A. (2002) Array
based electrical detection of DNA with
nanoparticle probes. Science, 295, 1503-1506.

Peercy, P.S. (2000) The drive to miniaturization.
Nature, 406, 1023-1026.

Porath, D., Bezryadin, A., De Vries, S. & Dekker,
C. (2000) Direct measurement of electrical
transport through DNA molecules. Nature, 403,
635-638.

Saito, I., Nakamura, T., Nakatani, K., Yoshioka, Y.,
Yamaguchi, K. & Sugiyama, H. (1998) Mapping
of the hot spots for DNA damage by one-
electron oxidation: efficacy of GG doublets and
GGG triplets as a trap in long-range hole
transport. J. Am. Chem. Soc., 120,
12686-12687.

Winfree, E., Liu, F., Wenzler, L.A. & Seeman, N.C.
(1998) Design and self-assembly of two-
dimensional DNA crystals. Nature, 394,
539-544.

Vijayender Bhallaisa
research fellow working
for hisPhD at the
Central Scientific
Instruments
Organisation (CSIO).

Ram P. Bajpai is Director
of the CSIO.

(o)

ﬁ

Lalit M. Bharadwaj is
Head of Biomolecular
Electronics and

=

5.

Nanotechnology at the
CSIO.

E-mail:
lalitmbharadwaj@
hotmail.com

doi:10.1038/sj.embor.embor834

EMBO reports VOL 4 | NO 5| 2003 445



